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. Megacities, defined as metropolitan areas with populations greater than 10 million inhabitants, have been the focus of several large-scale air quality measurement studies in recent years (Molina et al., 2010; Gao et al., 2011; . While poor air quality in megacities is of serious concern at a local scale, the potential impact of the associated urban plumes on the surrounding regions must also be considered. Particulate matter and precursor gas emissions may lead to haze formation or acidic deposition at a regional scale, potentially impacting human health and crop production (Chameides et al., 1994; Molina and Molina, 2004; Lawrence et al., 2007) .
Summer and winter intensive measurement campaigns were undertaken in Paris, France, in 2009/2010 as part of the collaborative project entitled Megacities: Emissions, urban, regional and Global Atmospheric POLlution and climate effects, and Integrated tools for assessment and mitigation (MEGAPOLI). These measurements were performed to investigate the impact of the Paris plume upon local, regional and global air quality. However, emissions from outside the city have recently been demonstrated to contribute significantly to ambient particulate matter levels in Paris, particularly during periods influenced by continental air masses (Sciare et al., 2010; Gros et al., 2011; Healy et al., 2012; Bressi et al., 2012; Crippa et al., 2013a, b; Freutel et al., 2013; Zhang et al., 2013) .
The different sources of wintertime elemental carbon (EC) and black carbon (BC) in Paris have previously been investigated in detail using aerosol time-of-flight mass spectrometer (ATOFMS), aethalometer and single-particle soot photometer (SP2) measurements Favez et al., 2009; Crippa et al., 2013a; Laborde et al., 2013) . Fossil fuel combustion associated mostly with local vehicular traffic was found to be the dominant source of EC and BC (88 and 85 %, respectively), with the remainder associated with domestic biomass combustion . A subsequent study, which focused on the apportionment of organic aerosol (OA) detected by a high-resolution aerosol time-of-flight mass spectrometer (HR-ToF-AMS), resolved five factors for OA at an urban background site using positive matrix factorisation (PMF) (Crippa et al., 2013a) . Primary sources of OA included local vehicle exhaust (11 %), domestic biomass combustion (15 %) and cooking activities (17 %). Secondary, oxidised OA was found to account for a significant fraction of the OA mass (> 50 %), and was associated with mid-to-long-range transport. Recent studies have highlighted the importance of regional and continental contributions to particulate inorganic ion and OA mass concentrations in Paris using a variety of chemical composition measurements at multiple sites (Sciare et al., 2010; Bressi et al., 2012; Freutel et al., 2013; Crippa et al., 2013b) . Advection of PM 2.5 (particulate matter with aerodynamic diameter < 2.5 µm) from northwestern and eastern Europe has been associated with poor air quality events in the city (Sciare et al., 2010) . Effective assessment of the relative impacts of local and regional/continental emissions is therefore necessary to help develop strategies aimed at preventing future exceedances of EU limit values for annual mean mass concentrations of PM 2.5 in Paris.
Single-particle mass spectrometers are well suited to the association of unique particle classes with specific sources (Reinard et al., 2007; Ault et al., 2010; Healy et al., 2010; Bhave et al., 2001; Bein et al., 2007; Moffet et al., 2008; Pratt and Prather, 2012) . However, quantifying the relative contribution of each particle class to ambient particle number and mass concentrations can be difficult. Composition-dependent ionisation efficiency issues and size-dependent particle detection efficiency are the predominant confounding factors (Allen et al., 2000; Reilly et al., 2000; Kane and Johnston, 2000; Wenzel et al., 2003) . Matrix effects result in different sensitivities for chemical species depending upon what other constituents are present in the same particle (Neubauer et al., 1996; Liu et al., 2000) . Shot-to-shot variability in desorption/ionisation laser power density can also lead to variations in resultant mass spectral peak height and area (Reinard and Johnston, 2008) , although this phenomenon can be countered to some extent by using relative peak area for quantification instead . Sizing efficiency scaling curves can be generated using co-located particle-sizing instruments (Allen et al., 2000; Qin et al., 2006; Reinard et al., 2007; , and significant advances have also been made in the quantification of specific chemical species in single particles based on their respective mass spectral ion intensities Hinz et al., 2005; Ferge et al., 2006; Spencer and Prather, 2006; Zelenyuk et al., 2008; Froyd et al., 2010; Jeong et al., 2011a) . The addition of light-scattering modules to aerosol mass spectrometers represents another step forward in the quantification of non-refractory species at the single-particle level (Cross et al., 2007 (Cross et al., , 2009 Liu et al., 2013) . Despite these advances, simultaneous quantitative determination of the refractory and non-refractory chemical composition of single particles remains challenging.
The first aim of this work was to quantitatively determine the chemical composition and mixing state of single particles detected in Paris during the MEGAPOLI winter campaign using an ATOFMS through comparison with concurrent measurements of OA, EC and inorganic ion mass concentrations. The second aim was to use the ATOFMS-derived chemical composition estimates to evaluate the relative contributions of local and regional/continental sources of particulate matter affecting air quality in Paris, and to identify potential source regions for transported particles. 
Sampling site and instrumentation
The sampling site and instrumentation used have been described in detail previously , but are briefly discussed here. Measurements were performed from 15 January to 11 February 2010 at an urban background site at the Laboratoire d'Hygiène de la Ville de Paris (LHVP), Paris (48.75 • N, 2.36 • E). An ATOFMS (Gard et al., 1997) (TSI model 3800) fitted with an aerodynamic lens (TSI model AFL100) (Su et al., 2004) was used to measure the size-resolved chemical composition of single particles in the size range 150-1067 nm (vacuum aerodynamic diameter, d va ). Particles were sampled through a stainless steel sampling line (1/4 inch o.d.) from a height of 4 m above ground level. The operating principles of the instrument are as follows: single particles are sampled through a critical orifice and focused in the aerodynamic lens before transmission to the sizing region, where d va for each particle is calculated based on its time of flight between two continuous wave lasers (Nd:YAG, 532 nm). Particles are subsequently desorbed/ionised using a Nd:YAG laser (266 nm, operated here at 1.1-1.3 mJ pulse −1 ), and the resultant positive and negative ions are detected using a bipolar time-of-flight mass spectrometer. Thus a dual-ion mass spectrum is collected for each particle successfully sized and ionised. Particles were not dried prior to detection. However, dual-ion mass spectra were successfully collected in almost all cases, indicating that negative ion suppression associated with high particle water content was not an issue (Neubauer et al., 1998) . This could be due to evaporation of particle phase water during transmission through the aerodynamic lens (Zelenyuk et al., 2006; Hatch et al., 2011) .
Several instruments were located in a container adjacent to the van housing the ATOFMS, and sampled from a separate inlet. These included an Aerodyne high-resolution time-offlight aerosol mass spectrometer (HR-ToF-AMS) (DeCarlo et al., 2006) , and a twin differential mobility particle sizer (TDMPS) (Birmili et al., 1999) A collection efficiency of 0.4 was calculated for the HR-ToF-AMS based on comparison with concurrent independent measurements (Crippa et al., 2013a) . The uncertainty associated with mass concentration measurements for this instrument is 30 % (Bahreini et al., 2009) . The instruments were connected to a sampling system consisting of a PM 10 inlet located approximately 6 m above ground level directly followed by an automatic aerosol diffusion dryer system, maintaining relative humidity in the sampling line below 30 % (Tuch et al., 2009) .
Elemental carbon (EC) and organic carbon (OC) in PM 2.5 , sampled on the roof of the LHVP building (14 m above ground level), were analysed using an OCEC field instrument (Sunset Laboratory, Forest Grove, OR) (Bae et al., 2004) . The OCEC analyser was operated at 8 L min −1 , and provided semi-continuous hourly concentrations of OC and EC. A de-nuder was placed upstream in order to minimise VOC adsorption artefacts. Measurement uncertainty for this instrument is poorly described in the literature, and thus an estimate of 20 % is assumed here (Peltier et al., 2007; Sciare et al., 2011) . A particle-into-liquid sampler, coupled to two ion chromatographs (PILS-IC), also sampled PM 2.5 from the roof of the same building, and was used to determine mass concentrations of inorganic ions including sodium and potassium. The instrument is described in detail elsewhere, and an uncertainty of 10 % is associated with mass concentration measurements .
Meteorological data were collected using a Campbell Scientific weather station. Additional meteorological data were also provided by Météo-France, collected at Parc Montsouris (48.82 • N, 2.34 • E, 75 m a.s.l.), approximately 1.5 km from LHVP.
ATOFMS data analysis
Approximately 1.75 million dual-ion single-particle mass spectra were collected during the MEGAPOLI winter campaign. The total hourly particle counts from the ATOFMS were divided into eight size bins in the size range 150-1067 nm (d va ) and then scaled using coincident hourly averaged TDMPS number-size distribution data assuming a single density value of 1.5 g cm −3 for all particles as described previously . Thus, size-dependent detection efficiency issues were accounted for. The selection of a single density value will be less appropriate for locations impacted by significant metallic or crustal particle mass concentrations.
Dual-ion mass spectra were imported into ENCHILADA, a freeware data analysis software package (Gross et al., 2010) , normalised based on peak area, and clustered using the K-means algorithm. Application of the K-means algorithm involves exclusive clustering of single-particle mass spectra into a user-defined number of clusters (K) based on their spectral similarity (square of Euclidean distance) (Anderson et al., 2005) . A refined centroid approach was employed here where 50 subsets of the dataset were first clustered separately in order to find optimal starting centroids or "seeds" for clustering the entire dataset. Once these centroids are chosen, several passes of the dataset are performed until two successive iterations produce identical cluster assignments. The user-defined K value is then increased until further increases do not significantly affect the average distance of each particle from its assigned centroid in Euclidean space. In this work a K value of 80 was chosen because further increases in K did not appreciably reduce distance, and resulted in clusters containing one particle. These 80 clusters were examined for homogeneity and manually regrouped into 15 final classes as described previously . Ten carbonaceous classes were identified, comprising approximately 1.50 million spectra. The remaining mass spectra were either miscalibrated, dominated by noise 9482 R. M. Healy et al.: Quantitative determination of carbonaceous particle mixing state in Paris or belonged to classes with minimal contributions to the total particle number (< 2 %). The number fraction of each particle class in each size bin was then calculated for each hour of the campaign, assuming equal detection efficiency and spherical particle shape. This procedure provided size-resolved particle number concentrations for each ATOFMS class for each hour of the campaign. Number concentrations were then converted to size-resolved mass concentration estimates using the single density value of 1.5 g cm −3 .
The sum of the scaled mass concentration estimates for the 10 carbonaceous classes agreed well with the summed concentrations of EC, OA, ammonium, nitrate, sulfate, chloride, potassium and sodium measured by the other instruments (R 2 = 0.91, n = 501), but the ATOFMS values were consistently lower (slope = 0.81, orthogonal distance regression) as shown in Fig. S1 . It should be noted that OA, ammonium, nitrate and sulfate were detected in PM 1 by the HR-ToF-AMS, EC was detected in PM 2.5 by the OCEC and sodium and potassium were detected in PM 2.5 by the PILS-IC, respectively The scaled ATOFMS data only covers the size range 150-1067 nm, and this may contribute to the low bias.
The quantitative approach described here shares some similarities with the method developed by Jeong et al. (2011a) . In that case, the relative peak areas (RPAs) for marker ions assigned to EC, OA, ammonium, nitrate and sulfate were used to directly estimate the volume fraction of these species in each single particle. Hourly scaling factors were then derived by comparing the total summed volume concentration for each chemical species with concurrent independent measurements.
In this work, a different approach is taken. First, a single number-weighted average mass spectrum for all 1.50 million particles contained in the 10 carbonaceous classes was generated ( Fig. S2) Su et al., 2006; Ferge et al., 2006; Baeza-Romero et al., 2009; Cahill et al., 2012; Pagels et al., 2013) . The following ions were chosen to represent ammonium, sulfate, nitrate and potassium: m/z 18 [NH 4 ] + , −97 [HSO 4 ] − , −62 [NO 3 ] − and 39 [K] + , respectively. These ions were also used for quantification by Jeong et al. (2011a) , with the exception of potassium. It should be noted that isobaric interferences due to [AlO] + and [C 3 H 3 ] + are possible for m/z 43 and 39, respectively (Snyder et al., 2009 ). However, aluminium-rich particles were not identified in the Paris dataset, and the relative sensitivity of the ATOFMS for potassium relative to organic carbon at m/z 39 is sufficiently high that the isobaric interference did not preclude quantification of the former in this case. Quantification of sodium and chloride was also explored, but the agreement observed with the concurrent measurements was poor. The average contribution of sodium and chloride to the measured PM 2.5 mass concentration was relatively low (∼2 %, as determined by the PILS-IC), and therefore these species were omitted from the quantification procedure. Thus, for the mass reconstruction calculations, it is assumed that all particles are composed entirely of OA, EC, potassium, ammonium, sulfate and nitrate. These species have been demonstrated to account for more than 90 % of annual average PM 2.5 mass concentrations in Paris (Bressi et al., 2012) . Single-particle composition was also assumed to be homogeneous for all single particles within each class.
The ATOFMS relative peak area (RPA), defined here as the peak area of each m/z divided by the total dual-ion mass spectral peak area, for the marker ions in the numberweighted average mass spectrum were compared directly to the average mass concentrations of each chemical species determined by concurrent OCEC field instrument, HR-ToF-AMS and PILS-IC measurements. RPA was chosen for quantification because it is less sensitive to the variability in ion intensity associated with particle-laser interactions when compared to absolute peak area . Comparison between the ATOFMS RPA values and mass concentration data from the other instruments enabled the determination of arbitrary relative sensitivity factors (RSFs) for each species. The ATOFMS is subject to different sensitivities for chemical species due to differences in their ionisation energies. For example, laboratory studies have previously demonstrated that the ATOFMS RSFs for ammonium and sodium differ by two orders of magnitude . Matrix effects associated with different internal mixing states may also significantly influence the relative sensitivities observed (Reilly et al., 2000; Reinard and Johnston, 2008; . RSF values determined for each chemical species are included in the Supplement (Table S1 ).
The RPA of each species was subsequently calculated for the average mass spectrum of each of the 10 carbonaceous particle classes individually. The mass fraction (mf i,j ) of each chemical species (i) present in each ATOFMS class (j ) was then calculated as follows:
where RPA i,j is the relative peak area of each chemical species (i) present in the average mass spectrum of ATOFMS class (j ), and RSF i is the relative sensitivity factor for species (i) determined using the number-weighted average mass spectrum of all 1.50 million carbonaceous particles. The total mass concentration (m i ) of each chemical species was then calculated for each hour of the campaign as follows:
where m j is the estimated mass concentration of ATOFMS class (j ). Finally, the ATOFMS-derived total mass concentrations for each species were multiplied by a factor of 1.24 to account for the low bias of the ATOFMS (inverse of 0.81, Fig. S1 ). Comparisons of ATOFMS-derived mass concentration estimates with concurrent measurements for each chemical species are discussed in Sect. 3.1. A sensitivity analysis was also explored using 7-day subsets of the ATOFMS dataset to investigate whether the same quantification approach would enable prediction of the temporality of each chemical species for the remainder of the measurement period. No significant decrease in correlations was observed between the ATOFMS-derived mass concentration estimates and the other instruments when using these smaller subsets in place of the full ATOFMS dataset, although the slopes do vary significantly, as discussed in detail in the Supplement (Sect. S2, Table S2 ).
Another quantification procedure was also explored using a mass-weighted average mass spectrum generated from the 10 carbonaceous classes instead of a number-weighted average, because this was expected to provide a more accurate relative mass contribution for each class. Surprisingly, the resulting reconstructed mass concentrations were almost identical to those obtained using the number-weighted average mass spectrum, due to the similarity between the relative unscaled average number concentrations for each particle class and the relative scaled mass contributions for each particle class ( Fig. S3 , Table S3 ). This effect is discussed in the Supplement. The number-weighted average mass spectrum ( Fig. S2 ) was used to generate the reconstructed mass concentration estimates reported in Sect. 3.1. Separate normalisation for positive and negative ion mass spectra was also explored but did not lead to significantly different results.
Meteorological analysis
The meteorological analysis used to separate the campaign into periods influenced by air masses of different origin has been described previously . Marine air masses dominated from 15 January 2010 00:00 to 25 January 2010 12:00 (UTC), and from 28 January 2010 00:00 to 7 February 2010 00:00. Continental air masses prevailed from 25 January 2010 12:00 to 28 January 2010 00:00, and from 7 February 2010 00:00 to 11 February 2010 18:00. A fog event was observed on 18 January 2010, persisting for several hours, and a period of regional stagnation was observed on 23-24 January 2010. It is important to note that marine air masses do not necessarily represent pristine background conditions. Emissions between the Atlantic coast of France and Paris have been demonstrated to affect air quality in the city under low-wind-speed conditions . Thus, during "marine" periods, air quality is expected to be controlled mostly by local and regional-scale emissions within France, while during "continental" periods, transboundary emissions from northwestern and eastern Europe can also contribute significantly.
Potential source contribution function
Geographical source regions that might contribute to poor air quality events in Paris were investigated using the potential source contribution function (PSCF). This approach involves combining temporal trends for the variables of interest, ATOFMS particle classes in this case, with archived air mass back trajectories. Seventy-two-hour air mass back trajectories were generated using the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Rolph, 2003) , run using global data assimilation system (GDAS) data at 1 • latitude-longitude resolution. Back trajectories were generated for every three hours of the measurement period, and started at 500 m above ground level. PSCF is defined as follows:
where n i,j is the number of times a trajectory passed through cell (i,j ), and m i,j is the number of times a user-defined threshold value was exceeded when a trajectory passed through that cell. The threshold value was set to the 50th percentile of the reconstructed mass concentration for the entire measurement period. A weighting function [W (n i,j )] was also applied to downweight the contribution of cells that contained less than three times the average number of points per cell (PPC) (Jeong et al., 2011b) as follows:
3 Results and discussion
ATOFMS quantification results
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Carbonaceous ATOFMS classes
Ten carbonaceous single-particle classes were identified, and quantitative mass concentration estimates for each class were derived using the scaling procedure. Four of these classes belonged to an EC-rich family, and have been discussed in detail previously , but their average mass spectra and number-size distributions are also included here for clarity ( Figs. 5, S6) . Briefly, K-EC particles were apportioned to local domestic wood burning, and EC-OA particles were apportioned to local vehicle exhaust. These two classes exhibited strong diurnal trends reflecting local activities. EC-OA-SOx particles were tentatively identified as local EC-OA particles that had accumulated sulfate, and the highest concentrations for this class were observed during a low-wind-speed fog event. EC-OA-NOx particles were tentatively identified as EC-OA particles that had accumulated nitrate and secondary organic aerosol (SOA), exhibited a second, larger mass-size mode and were associated predominantly with continental transport events. The observation of larger, coated EC particles is consistent with previous urban ATOFMS studies (Moffet et al., 2008; Moffet and Prather, 2009 ).
The six carbonaceous classes that were not discussed in Healy et al. (2012) are also shown in Fig. 5 . Three of these classes are characterised by intense signals for potassium and are apportioned to biomass burning (K-OA, K-OA-NOx, K-OA-SOx), and three are characterised by lower signals for potassium, and are thus associated with either fossil fuel combustion or SOA formation (OA-NOx, OA- SOx, OA-TMA). All six classes differ significantly in their relative secondary inorganic ion content. A full, detailed description of each class is provided in the Supplement (Sect. S4). Number-size distributions, diurnal trends and temporal trends for each class are also provided in Figs. S4-S8. Briefly, K-OA particles are associated with fresh biomass burning emissions, while K-OA-NOx and K-OA-SOx particles are assigned as aged biomass burning particles that have accumulated nitrate and sulfate during transport, respectively. OA-NOx and OA-SOx particles represent aged organic or secondary organic aerosol (SOA) that has accumulated nitrate or sulfate during transport, respectively. Finally, OA-TMA particles are characterised by intense signals for trimethylamine and are associated almost exclusively with continental transport events.
Quantitative mixing state of carbonaceous particles
The estimated relative mass contribution of each chemical species to each ATOFMS class is shown in Fig. 6 and Table 1 . A simpler alternative approach for estimating EC mass concentrations using ATOFMS data was explored previously by Healy et al. (2012) , where the four EC-rich particle classes were assumed to be composed entirely of EC for the purpose of simple mass reconstruction. The comparison with thermal-optical EC data was reasonable in that case (R 2 = 0.61), but is improved here (R 2 = 0.72). As demonstrated in Fig. 6 , these four classes are not composed entirely of EC, but are internally mixed to differing extents with inorganic ions and OA. The inclusion of EC content from the additional six classes, and the removal of non-EC mass from the four classes reported in Healy et al. (2012) , explains the improved agreement. EC-OA particles associated with fresh local traffic emissions are estimated to be composed of 62 % EC by mass, with an OA / EC ratio of 0.48. EC-OA-SOx particles, assigned as locally aged vehicle exhaust particles, contain more OA and exhibit an OA / EC ratio of 1.72. When these classes are combined, their total OA / EC ratio is 0.61, a value identical to that determined for the ratio of traffic-related hydrocarbon-like OA (HOA) to traffic-related BC by Crippa et al. (2013a) for the same site and measurement period (0.61). HOA / BC ratios determined for ambient vehicle exhaust particles at a near-road site in New York, NY, were estimated to be approximately 1 using a soot particle aerosol mass spectrometer, with lower ratios observed for heavy duty vehicle plumes (∼0.7) (Massoli et al., 2012) . The majority of HOA (80 %) Atmos. Chem. Phys., 13, 9479-9496, 2013 www was found to be internally mixed with BC in that case, in agreement with the ATOFMS results reported here. K-EC particles associated with local biomass burning are estimated to be composed of 57 % EC by mass. In contrast, K-OA particles are estimated to be comprised of only 14 % EC by mass, but exhibit very similar temporal behaviour to K-EC particles (R 2 = 0.76). These two classes are characterised by very different OA / EC ratios (0.42 and 3.83 for K-EC and K-OA, respectively). This difference in OA / EC ratio is not due to chemical processing, because the relative mass contributions of K-EC and K-OA particles do not exhibit a dependence upon time of day. Both classes are therefore identified as relatively fresh particles associated with local biomass combustion. The ratio of primary OA to EC emitted from domestic wood burners has been demonstrated to be highly variable, and depends upon the appliance chosen and the burning phase (Heringa et al., 2011 (Heringa et al., , 2012 Pagels et al., 2013) . Thus, the observation of more than one chemical mixing state for ambient fresh domestic wood burning particles is logical. Variable hygroscopic growth factors were also observed for particles associated with local biomass burning emissions for the same measurement period at a separate site in Paris, consistent with the presence of more than one mixing state (Laborde et al., 2013) . When the two local ATOFMS biomass burning classes are combined the total OA / EC ratio is determined to be 2.12, a value lower than the local biomass burning OA / BC ratio determined by Crippa et al. (2013a) (3.62) . This discrepancy may arise from differences in the Mass fraction apportionment of local and aged biomass burning organic aerosol contributions using the ATOFMS and HR-ToF-AMS, discussed in the next section. The EC content of the remaining ATOFMS carbonaceous classes is quite low (Fig. 6) . These classes are instead characterised by much higher secondary inorganic ion content, and are also expected to contain significant SOA. It is not possible to separate the relative contributions of aged primary fossil fuel combustion OA and SOA using the methodology described here. Furthermore, it should be noted that although all 10 carbonaceous particle classes are estimated to contain at least some EC using this approach, it is unrealistic that all carbonaceous particles should contain a primary EC core. Optical SP2 measurements of BC taken at a separate site for the same period determined that 95 % of particles associated with continental transport did not contain a detectable BC core (Laborde et al., 2013) . Assuming that EC and BC can be considered as comparable, it is possible that a fraction of the mass apportioned to EC using the ATOFMS quantification approach may arise from fragmentation of organic molecular ions to form [C n ] + and [C n ] − fragment ions in the mass spectrometer. Thus, some OA would be erroneously detected as EC.
Comparison of ATOFMS and HR-ToF-AMS organic aerosol apportionment
The agreement between the ATOFMS reconstructed OA mass concentration and the OA mass concentration detected by the HR-ToF-AMS (R 2 = 0.75, slope = 1.16) provided the opportunity to compare OA source apportionment using both instruments. Positive matrix factorisation (PMF) (Ulbrich et al., 2009) of the AMS OA dataset has been described in detail previously by Crippa et al. (2013a) . Briefly, five factors were obtained for the LHVP site, corresponding to hydrocarbonlike organic aerosol (HOA), cooking organic aerosol (COA), biomass burning organic aerosol (BBOA), oxidised organic aerosol (OOA) and less-oxidised organic aerosol tentatively assigned as aged biomass burning aerosol (OOA 2 -BBOA). By examining the agreement between the ATOFMS OA mass fractions of the single-particle classes and the PMF OA factors from the HR-ToF-AMS, the distribution of PMF OA factors across the different single-particle mixing states was explored. To the best of the authors' knowledge, this is the first time this comparison has been attempted. In most cases, the OA content from more than one ATOFMS class was required to achieve reasonable agreement with the HR-ToF-AMS PMF OA factors (Fig. 7) . This is not unexpected considering that there are more singleparticle classes than OA PMF factors. For example, better agreement was observed when HOA was compared with the summed mass concentration of OA contained in the EC-OA and EC-OA-SOx ATOFMS classes (R 2 = 0.67; slope = 0.40) than when the OA content of the EC-OA class alone was considered (R 2 = 0.57, slope = 0.27). The improved agreement suggests that HOA is distributed across two particle mixing states, one representing fresh vehicle exhaust particles (EC-OA), and one representing more-aged vehicle exhaust particles that have accumulated sulfate through local processing (EC-OA-SOx). However, the ATOFMS mass concentrations are biased low relative to the HR-ToF-AMS HOA mass concentrations. This may be partly due to differences in the lower sizing limit of the ATOFMS (150 nm) and HR-ToF-AMS (40 nm). However differences in OA apportionment between the two approaches are also expected to contribute significantly to the underestimation.
HR-ToF-AMS BBOA mass concentrations also agreed reasonably well with the summed OA content of the primary ATOFMS K-EC and K-OA particle classes, although the ATOFMS values are again lower (R 2 = 0.56, slope = 0.63). Furthermore, the tentative assignment of the OOA 2 -BBOA factor as aged biomass burning aerosol by Crippa et al. (2013a) could be further supported using the ATOFMS dataset. This factor agreed reasonably with the OA content of the aged biomass burning ATOFMS K-OA-NOx particle class (R 2 = 0.47). K-OA-NOx particles are significantly internally mixed with nitrate ( Fig. 6) and do not exhibit a strong diurnal trend, supporting a regional contribution.
It is important to note that the ATOFMS clustering and HR-ToF-AMS PMF procedures differ in their separation of fresh and aged aerosol. The former separates single particle types based on their relative carbonaceous and inorganic ion content, while the latter resolves factors based on the temporal variation of organic aerosol mass spectral ion intensities. Thus K-OA and K-OA-NOx are separated based on differences in nitrate ion intensity (Fig. 5) , while BBOA and OOA 2 -BBOA are separated based on differences in their temporality and extent of oxidation. The "cut-off' between fresh and aged biomass burning aerosol to produce discrete variables will therefore be different in each case. When the summed OA content of the total fresh and aged ATOFMS biomass burning classes (K-EC, K-OA, K-OA-NOx) and the sum of the HR-ToF-AMS BBOA and OOA 2 -BBOA factors are compared, the agreement improves significantly (R 2 = 0.60, slope = 0.85), highlighting the arbitrary cut-off effect (Fig. S9) .
The HR-ToF-AMS OOA factor detected in Paris has been previously identified as SOA (Crippa et al., 2013a ). Very good agreement was observed between the OOA factor and the sum of the OA content of the remaining five ATOFMS carbonaceous classes (R 2 = 0.81). Each of these ATOFMS classes are characterised by relatively high ammonium, nitrate and sulfate content, are associated with regional/continental-scale transport (K-OA-SOx, OA-SOx, OA-NOx, OA-TMA, EC-OA-NOx), and are thus expected to contain SOA. The scaled ion intensity at m/z 43, a tracer ion for SOA in ATOFMS datasets (Qin et al., 2012) , also agreed well with OOA mass concentrations (R 2 = 0.71). The mixing state of SOA in Paris can therefore be inferred to be relatively heterogeneous, distributed among five different particle classes during the measurement period. No externally mixed SOA was observed, indicating that either condensation of SOA on pre-existing inorganic ion particles or accumulation of inorganic ions on SOA particles is occurring during transport to Paris. Simultaneous hygroscopic growth factor measurements of continental particles at a separate site also indicate significant secondary inorganic ion and/or OOA content (GF ≈ 1.6 for dry mobility diameter = 265 nm) (Laborde et al., 2013) . The ATOFMS does consistently overestimate the OOA concentration (slope = 1.47), and this may be due in part to the overestimation of the ATOFMS total OA relative to the HR-ToF-AMS total OA (Fig. 2) . However, HOA and BBOA mass concentrations are simultaneously underestimated by the ATOFMS (Fig. 7) , indicating that differences in apportionment between the two approaches may also contribute to the bias.
Notably, none of the ATOFMS classes correlated well with cooking organic aerosol (COA), which was estimated to have a contribution of 17 % to total OA mass at the LHVP site (Crippa et al., 2013a) . Combinations of the OA mass fractions of the different ATOFMS particle classes did not correlate well with COA either. It appears that the ATOFMS does not detect primary OA associated with urban cooking activities efficiently. It is unlikely that COA lies outside the size range of the ATOFMS, because the mode diameter for m/z 41, a tracer ion associated with COA, in the HR-ToF-AMS dataset was determined to be approximately 400 nm (d va ). Thus it is possible that cooking particles are sized correctly but not desorbed/ionised efficiently by the UV laser. Charbroiling and oil frying aerosol has been previously determined to contain saturated alkanes, alkenes, cycloalkanes and fatty acids, but no detectable EC (Schauer et al., 1999; Mohr et al., 2009; Allan et al., 2010) . Low EC content, and potentially low polycyclic aromatic hydrocarbon content, for cooking aerosol relative to the other carbonaceous particle mixing states could result in low absorption efficiency at 266 nm, and may explain its absence in the ATOFMS mass spectral dataset. Investigation of the ratio of particles successfully and unsuccessfully ionised by the ATOFMS (hit / miss ratio) did not uncover a trend that correlated well with COA either. A cooking-related particle class also remained undetected by ATOFMS in recent studies focused on OA source apportionment in London, England, and Cork, Ireland, while COA mass concentrations > 2 µg m −3 were simultaneously detected by co-located AMS instruments (Dall'Osto and Dall'Osto et al., 2013) .
Local and regional/continental-scale source apportionment
The relative mass contributions of the 10 carbonaceous particle classes to each chemical species, and to total mass in the size range investigated (150-1067 nm, d va ), were also calculated as shown in Fig. S10 and Table S4 . By examining chemical composition and temporality, each class was associated either with local activities or regional/continentalscale transport. "Local" classes were defined as those that exhibited a strong diurnal trend and/or contained OA mass fractions that correlated well with the primary HR-ToF-AMS HOA or BBOA factors (K-EC, K-OA, EC-OA, EC-OA-SOx). "Transported" classes were defined as those with no obvious diurnal trend and high secondary inorganic ion content (K-OA-NOx, K-OA-SOx, OA-NOx, OA-SOx, OA-TMA, EC-OA-NOx). Although this classification procedure has inherent limitations -for example, elevated concentrations of OA-SOx and K-OA-SOx particles are also observed during a local fog processing event on 18 January 2010the approach enables an estimation of the relative impact of transported emissions upon local air quality in Paris. The estimated average chemical composition and wind dependence for local and transported particles detected by the ATOFMS are shown in Fig. 8 . Temporal trends are also included in Fig. S11 . Local particles persist throughout the entire measurement period, are characterised by low inorganic ion content (< 25 %) and exhibit little dependence upon wind direction. Transported particles are characterised by much higher inorganic ion content (62 %), and much lower concentrations are observed during periods influenced by fast-moving marine air masses (28 January 2010-7 February 2010). These particles also exhibit a comparatively strong dependence upon northeasterly wind direction, and the highest mass concentrations are observed during two continental transport events (26-27 January 2010 and 11 February 2010) . PSCF was used to identify potential source regions for transported particles arriving in Paris. As shown in Fig. 9, local evated concentrations almost exclusively when air masses pass through northwestern and eastern Europe before arriving in Paris. The results indicate that particulate matter containing significant internally mixed SOA and inorganic ion content detected in Paris is associated predominantly with transboundary emissions originating outside France. As shown in Fig. 10 , the majority of EC (59 %) is attributed to local emissions from vehicular traffic and domestic biomass burning. This estimate for the local contribution to EC is lower than that previously reported by Healy et al. (2012) (79 %) . This difference can be explained by the different approaches used. Here, the EC mass fractions of the local primary ATOFMS carbonaceous classes are considered, while Healy et al. (2012) employed a size limit of 400 nm to separate local (< 400 nm) and transported (> 400 nm) EC contributions. Thus, the majority of EC is attributed to local sources irrespective of the approach used, but there is better agreement between the Sunset EC data and the reconstructed ATOFMS EC mass concentrations determined in this study, as discussed in Sect. 3.2.
EC is the only species for which local emissions are estimated to have the highest contribution. In contrast, the majority of OA, ammonium, sulfate and nitrate are associated with regional/continental-scale emissions (Fig. 10 ). Only 24, 5, 16 and 8 % of OA, ammonium, sulfate and nitrate are as-sociated with local Paris emissions, respectively. This relatively low contribution of local sources to OA mass concentrations is in agreement with the AMS OA PMF factors (Crippa et al., 2013a) (Fig. S12) . The relative contributions of local and transported emissions to the total ATOFMS-derived PM mass concentration are estimated to be 22 and 78 %, respectively. These observations are consistent with previous studies involving multiple sampling sites in and around Paris. Bressi et al. (2012) demonstrated that annual average PM 2.5 mass concentrations measured at an urban site in Paris were only 26 % higher than those measured at a rural site 50 km to the northwest of the city. Secondary inorganic ion and SOA mass concentrations in Paris have also been associated predominantly with regional-and/or continental-scale emissions, with minimal input from local activities in several recent studies (Sciare et al., 2010 Bressi et al., 2012; Crippa et al., 2013a) .
Conclusions
Single-particle mass spectra have been used to estimate the quantitative chemical mixing state of carbonaceous particles in Paris, France, as part of the MEGAPOLI winter campaign (2010). Good agreement (R 2 = 0.67-0.78) was observed between ATOFMS-derived mass concentrations for 9492 R. M. Healy et al.: Quantitative determination of carbonaceous particle mixing state in Paris Fig. 9 . Potential source contribution function plot for ATOFMS-derived local and transported estimated particle mass concentrations. EC, OA, potassium, ammonium, sulfate and nitrate, and those measured using simultaneous HR-ToF-AMS, thermaloptical OCEC analyser and PILS-IC instruments. The results indicate that quantitative mixing state information for multiple chemical species can be estimated simultaneously using this approach. This method could also be applied in future studies using lower temporal resolution offline speciation data, although scaling for size-resolved particle detection efficiency would require a co-located particle-sizing instrument. Ten discrete single-particle mixing states were identified for carbonaceous particles in Paris, differing in their relative EC, OA and inorganic ion content. The distribution of OA across the different single-particle mixing states was compared with HR-ToF-AMS OA PMF factors, and good agreement was observed (R 2 = 0.47-0.81). Two chemically distinct mixing states were identified for EC-rich particles associated with vehicle exhaust. One was associated with fresh emissions, while the other was characterised by higher sulfate content and associated with locally processed Atmos. Chem. Phys., 13, 9479-9496, 2013 www vehicle exhaust. Two mixing states were also identified for locally emitted biomass combustion particles, one dominated by EC, the other dominated by OA, with different OA / EC ratios associated with different combustion conditions. Aged biomass burning particles, significantly internally mixed with nitrate, were found to persist throughout the measurement period, supporting the identification of a HR-ToF-AMS OOA 2 -BBOA PMF factor. Finally, the OA content of five ATOFMS aged carbonaceous particle classes, significantly internally mixed to differing extents with ammonium, nitrate and sulfate, also agreed very well with the HR-ToF-AMS OOA factor (R 2 = 0.81), highlighting the complexity of the mixing state of SOA in Paris. Based on temporality and chemical mixing state, the 10 carbonaceous particle classes were also assigned to either local or transported emissions. Although the majority of EC (59 %) is estimated to be emitted locally, the majority of OA, ammonium, sulfate and nitrate are estimated to arise from sources outside the city. Only 22 % of the total ATOFMSderived particle mass is apportioned to local emissions, with 78 % apportioned to transported emissions.
Supplementary material related to this article is available online at http://www.atmos-chem-phys.net/13/ 9479/2013/acp-13-9479-2013-supplement.pdf.
